A compact and efficient polarization splitting and rotating device built on the silicon-on-insulator platform is introduced, which can be readily used for the interface section of a polarization diversity circuit. The device is compact, with a total length of a few tens of microns. It is also simple, consisting of only two parallel silicon-on-insulator wire waveguides with different widths, and thus requiring no additional and nonstandard fabrication steps. A total insertion loss of 0.6dB and an extinction ratio of 12dB have been obtained experimentally in the whole C-band.
Introduction
Silicon-on-insulator (SOI) has been considered recently as a promising platform for photonic circuits, largely driven by the CMOS-compatible fabrication technology and the high refractive-index contrast of the waveguide structure [1, 2] . High-density integration and mass production of devices are therefore made possible. On the other hand, this high index contrast also induces a large polarization dependent dispersion or loss for normal components [3] , and makes SOI inconvenient to integrate with other polarization insensitive platforms, like optical fiber networks. Instead of pursuing difficult polarization-independent devices on SOI, a polarization diversity scheme could be employed [4] [5] [6] . In this case, the orthogonal polarization components of the input light are first split into two different waveguides by using a polarization splitter [7] . A polarization rotator is then employed in one of the waveguides to rotate the polarization 90° [8] [9] [10] [11] [12] [13] [14] [15] . Therefore, for the rest of the photonic chip only one polarization has to be processed. At the output, a copy of the polarization rotator and splitter can be implemented in order to combine the two polarizations without interference. We have successfully demonstrated a compact and efficient polarization converter on SOI based on the cross-polarization coupling between two SOI wires waveguide with different widths [8] . As compared to other polarization converters [9] [10] [11] [12] [13] [14] [15] , this structure can be fabricated together with common deeply-etched SOI wire waveguides and devices, and thus requires no additional fabrication steps.
In this paper, we further extend the ability of the polarization converter in [8] , and show that such a single device structure can be used for polarization splitting and rotating (PSR) simultaneously. Thus, a polarization diversity scheme on SOI can be readily implemented. We theoretically study the transmission properties of the proposed device. The optimized structures are also fabricated and characterized experimentally. 
Design and simulation
The structure of the present PSR device is sketched in Fig. 1 . It consists of two parallel SOI photonic wire waveguides coupled to each other. In order to achieve an efficient crosspolarization coupling, air is employed as the top-cladding. The widths (w 1 and w 2 ) of the two waveguides (waveguide 1 and waveguide 2, respectively) are adjusted so that the effective index of the fundamental transverse-magnetic (TM) mode in waveguide 1 is equal to that of nn  , which is usually called the phase matching condition. In this case, an efficient coupling between these two modes can be achieved [8] . The effective index of a single SOI wire waveguide with air top-cladding at different widths is shown in Fig. 2 . Here, we choose w 1 = 600 nm and w 2 = 333 nm. The height h of the silicon waveguide layer is 250 nm, which is also the parameter of the SOI wafer used in the experiments. On the other hand, at the chosen widths the effective index 1,TE eff n of the TE mode in waveguide 1 is very different from that of any guided mode in waveguide 2 (cf. Figure 2 ). Therefore, according to the coupling mode theory the TE mode in waveguide 1 is expected to pass freely across the device. In general, such a structure in Fig. 1 exhibits the abilities to couple the TM mode from the input waveguide to the adjacent waveguide and simultaneously convert it into a TE mode, while leave the TE mode untouched in the input waveguide. This is exactly the characteristic of the interface section of a polarization diversity circuit, which is conventionally constructed by cascading an individual polarization splitter and rotator [4] [5] [6] . A similar structure of two SOI waveguides with the same width was used as a polarization splitter [7] . In the proposed structure, an additional functionality of polarization rotation can be achieved. The propagation of the optical field in the proposed device is first studied by a threedimensional finite-difference time-domain (3D-FDTD) method, as shown in Fig. 3 . The gap g here is 100 nm, and the rest of the structural parameters are the same as above. One can clearly see that the input TM mode in waveguide 1 is gradually converted to the TE mode in waveguide 2 along the propagation direction. There exists an optimal coupling length for the maximal conversion, beyond which the optical power is coupled back to waveguide 1. As for the input TE mode, the optical power is all confined in waveguide 1 across the whole device. These results comply with the discussions in the previous paragraph. It is worthwhile to note that the discretization lattice here is set to a rather large value, i.e. 20 nm, which is not fine enough to describe the dimensions of the structure accurately. Further refining the grid will, however, make the simulation effort unaffordable with the calculation resources at hand. Thus, the results shown in Fig. 3 are just qualitative analyses. In order to model accurately the transmission properties of the proposed device, a mode expansion and matching method [16] is then employed, which is more suitable to deal with the structure involved here. Figure 4 shows the transmission coefficients -
when the coupling length l = 36.8 μm. Here, the subscript t or c indicates the response at the throughport or cross-port of the device (cf., Fig. 1 ), respectively. The superscript i-j, where i, j can be TE or TM, means the transmission from mode i at the input to mode j at the output. Considering the complexity, the simulation model is reduced correspondingly as shown in the insets of Fig. 4 , where the bending sections are neglected. For the through-port response shown in Fig. 4(b) , TE-TE t T remains close to 1 in the whole wavelength range of simulation. On the other hand, the TM mode from the input port is suppressed at the through port, and a dip is observed in the TM-TM t T curve at 1550 nm wavelength, which corresponds to the position where the phase-matching condition is fulfilled between the fundamental TM mode in waveguide 1 and the fundamental TE mode in waveguide 2. Accordingly, a peak is observed in the TM-TE c T curve shown in Fig. 4(a) , which reaches 90%, corresponding to an overall insertion loss of 0.46dB. The unconverted TM mode power remains partly in the through-port ( TM-TM t T ) and the cross-port ( TM-TM c T ). They become the main source of crosstalk for the proposed device. Nevertheless, the extinction ratio is still better than 13dB in the whole C-band (1530 nm-1565 nm). Similar to a common directional coupler on the SOI platform, the proposed PSR device also has a tight tolerance to the variations in device dimensions, e.g., waveguide widths. A slight deviation from the designed value will make the phase-matching condition fail, which will mainly result in a decrease in the efficiency of the cross-polarization coupling at the desired wavelength. We further study the influence of the variation in w 1 on the device performance. Figure 5(a) shows the cross-port responses with w 1 = 332 nm, 333 nm, and 334 nm. One finds that the coupling wavelength peaking TM-TE c T
shifts with a rate of about 15 nm/nm with respect to the variation of w 1 . Figure 5(b) shows the relation between w 1 and w 2 in order to maintain the phase-matching condition at 1550 nm. It is almost a linear curve with a slop of about 12, which implies that the device performance is much less sensitive to the variation of w 2 . This sensitivity difference can be explained by the local derivatives of the two curves shown in Fig. 2 at the working point. We also find that employing larger waveguide widths will improve the extinction ratio at the output and decrease the sensitivity to the dimension variations. On the other hand, this will weaken the strength of the crosspolarization coupling and increase the device length. A large waveguide cross-section will also make the effective indices of the high-order modes more close to those of the working fundamental modes (cf., Fig. 2 ). This will introduce unwanted coupling to those modes. 
Experiment and measurement
We fabricated the designed devices on a commercial SOI wafer using E-beam lithography (JEOL JBX-9300FS) and dry etching technologies. A picture of a finished device is shown in Fig. 6 . Adiabatic tapers were used at the input and two output ports for connecting with the standard single-mode SOI waveguide of 450 nm wide in the rest of the circuit [cf., Fig. 1(c) ]. The fabricated samples were cleaved for characterization. The waveguides were tapered up to a width of 4 μm at the cleaved facets for better coupling with lensed fibers. The measurement results are illustrated in Fig. 7 . We refer to Ref [8] . for the detailed measurement setup and calibration procedure. In general, the measured transmission curves are matching well those from the simulations in Fig. 4 . The overall insertion loss and extinction ratio in the whole Cband is about 0.6dB and 12dB, respectively, slightly worse than the simulation results. Judged by the period, the fast oscillations observed in, e.g., the TM-TM c T curve is likely due to a slight error in calibrating the measurement setup [7, 8] . The fabrication repeatability of the proposed device was also studied. Figure 8 shows the measured TM-TE c T curves for two PSR devices with the same designed parameters and on the same die. A good consistency can be found. Further investigation on improving the cross-die stability is also undertaken. 
Conclusion
We have introduced a compact SOI-based PSR device used for the interface section of a polarization diversity circuit. The device is based on the cross-polarization coupling effect between two parallel SOI wire waveguides with air top-cladding, which can be fabricated in one lithography and etching step as needed for making the rest of the SOI circuit. We have demonstrated that such a single device structure can act as an efficient polarization splitter and rotator simultaneously. A total insertion loss of 0.6dB and an extinction ratio of 12dB have been obtained experimentally for a fabricated device. 
